The principal aim of this study was to disentangle hydrochemical influences on 30 primary producers in a pristine, flood-pulse ecosystem. This was undertaken by 31 analyzing diatoms from 100 sample points from hydrologically distinct regions in the 32
Okavango Delta, Botswana. Cluster analysis was undertaken using two-way indicator 33 species analysis (TWINSPAN), and groups used to classify sample points in a 34 principal components analysis (PCA) biplot. Linear discriminant analysis (LDA) was 35 performed using hydrological data and diatom guilds as explanatory variables. A 36 series of ordinations using redundancy analysis (RDA) was undertaken to assess 37 which variables significantly accounted for diatom variation across the Delta. Species 38 response curves for major taxa were generated using generalized additive models 39 (GAMs). Cluster analysis revealed six distinct groups. Groups 5 and 6 consisted 40 mainly of seasonally inundated floodplain sites, which lay at one end of a significant 41 gradient revealed by PCA. Floodplain diatoms were characteristically N-heterotrophs, 42 requiring elevated concentrations of key resources such as total nitrogen (TN) and 43 SiO 2 . Using forward selection, constrained RDA reveals five variables were 44 significant in explaining diatom distributions across the Delta: hydroperiod class, 45 flood frequency, flow velocity, and nutrients SiO 2 and TN. Species response curves 46
show that motile diatoms were most abundant in seasonally inundated floodplains. 47 hydrological regimes have been shown to be a major influence on primary 67 productivity and on the composition of primary producers, especially diatom 68 microalgae (Class Bacillariophyceae) (e.g. Gell et al., 2002; Weilhoefer et al., 2008) . 69
Microalgae cause changes in water chemistry (e.g. pH) through photosynthesis and 70 respiration. For example, diurnal fluctuations in oxygen concentrations can affect 71 temporal and spatial distributions of invertebrates and fish (Suthers and Gee, 1986) . 72
Microalgae also contribute to nutrient cycling and wetland biogeochemistry. Diatoms 73 in particular are very important because they have siliceous frustules which contribute 74 to both carbon and silicon regulation (Struyf and Conley, 2009 ). Diatoms are also 75 extensively used to monitor wetland ecosystems and human impact (Lane and In Africa, water availability is distributed very unevenly, and in semi-arid regions 83 availability is especially sensitive to rainfall. Wetland degradation in Africa is highly 84 significant; for example in recent decades over 80% of freshwater wetlands in Niger 85 have disappeared (UNEP, 2000) . However, across the continent as a whole, scientific 86 was recorded and geo-referenced using a Garmin GPS. 170
171
Diatoms were prepared for counting using standard techniques (Battarbee et al., 172 2001) . Sub-samples of plant stems were oxidised using 30% H 2 O 2 and carbonates 173 removed using 50% HCl. Permanent diatom slides were made using Naphrax and 174 duplicates archived both at UCL and University of Botswana. Diatoms were counted 175 using oil immersion phase contrast light microscopy at x1000 magnification. At least 176 350-400 valves were counted for each sample, and taxa identified with the assistance 177 of several flora (e.g. Cholnoky, 1966; Foged, 1966; Carter and Denny, 1982; Gasse, 178 1986; Krammer and Lange-Bertalot, 1999a; Krammer and Lange-Bertalot, 1999b; 179
Lange-Bertalot, 2001). 180 181
Diatom species adopt different growth forms (guilds) with which they are able to 182 respond to resource availability (e.g. nutrients, light) and disturbance (e.g. river flow, 183 grazing) (Biggs et al., 1998) . Every diatom species was assigned to one of three 184 ecological guilds: low profile (guild 1), high profile (guild 2) or motile guild (guild 3) 185 (after Passy, 2007). Guild 1 diatoms attach themselves to substrates in prostrate, 186 adnate and erect forms (e.g. species in the genus Achnanthidium), but we also include 187 solitary centric species which do not form chains (e.g. species in the genus 188 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 
Collation of hydrological variables 206
The influence of four hydrological variables (water depth, flow velocity, flood 207 frequency and hydroperiod class) on diatom communities was initially explored for 208 every sample point analysed for diatoms. Water depth was measured using a Plastimo 209
Echotest II handheld depth sounder. Velocity of water flow was measured using an 210 anions were analysed within 7 days, while TN and TP were determined within three 270 weeks of collection. Metals were analysed within 2 months after collection. 
Statistical Analyses 286 287
Cluster analysis using two-way indicator species analysis (TWINSPAN) was 288 undertaken to determine broad patterns in diatom community composition (Hill, 289 1979) . Species occurring in relative abundances < 1%, or < 3 sites were excluded 290 from analyses, because they had little effect on derived groupings. Patterns in diatom 291 community composition were initially analysed using the indirect, ordination 292 technique of detrended correspondence analysis in order to determine whether species 293 responses were mainly linear or unimodal. The axis 1 gradient length was 2.218 294 (Lepš and Šmilaeur, 2003) . Derived clusters were then 296 used to classify sites analysed using principal components analysis (PCA), with 297 symmetric scaling of the ordination scores to optimise scaling for both samples and 298 species. Species data were log (x+1) transformed and both species and samples were 299 centred to give a log-linear contrast PCA, appropriate for closed, relative abundance 300 data (Lotter et al. 1993) . A broken stick model was sued to test the significance of the 301 PCA axes (Joliffer 1986) using BSTICK v.1.0 (Line and Birks 1996) . A 'crisp' 302 classification (where sites belonging to a particular TWINSPAN group are coded 1 or 303 0) was determined in order that Fisher's linear discriminant analysis (LDA) could be 304 undertaken to assess the influence of (i) hydrological variables and (ii) guild structure 305 on the classes defined by TWINSPAN (Lepš and Šmilaeur, 2003) . LDA was 306 undertaken using canonical correspondence analysis (focusing on species distances 307 and using Hill's scaling) in Canoco 4.5 (Lepš and Šmilaeur, 2003) . 308
309
Hydrological influences on diatom species composition across 100 sample points was 310 determined using redundancy analysis (RDA). Initially, the explanatory power and 311 significance of each hydrological variable was determined through a series of single 312 constrained RDAs, together with Monte Carlo permutation tests (p = 0.002; n = 499). 313
The unique contribution of each variable was then assessed through a series of partial 314
RDAs with the remaining hydrological variables as covariables. Exactly one-fifth of 315 the sample points (n=20) were visited on more than one occasion. Consequently, a 316 partial RDA with season as covariable was undertaken, together with Monte Carlo 317 permutation tests (p = 0.002; n = 499). A major feature of spatial datasets such as ours 318
is the influence of sample point proximity (Legendre, 1993 ). Here we explore this 319 influence by partialling out sample point location co-ordinates using RDA. In order to 320 identify a minimum subset of variables that significantly explain variation in the 321 diatom data, redundant variables were removed through a form of step-wise 322 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Differences in diversity measures were analysed using SPSS 17.0. Levene's tests for 335 equality of variances were undertaken to ensure that appropriate parametric and non-336 parametric tests were used. Regional diversity indices had equal variance and were 337 analysed using analysis of variance (ANOVA), and differences between the regions 338 were further investigated using post-hoc tests with Bonferroni corrections. Flood-339 stage diversity indices had unequal variance, and were analysed using Kruskal-Wallis 340 (KW) tests. KW has no equivalent post-hoc test, so where the KW test did reveal 341 significant variation, pairwise Mann-Whitney U tests were undertaken to determine 342 significant differences between stages of the flood cycle. Differences between sites 343 that were permanently or seasonally flooded, were analysed using a 2-tailed t-test. 344
345

Results
347
Full names, taxonomic authorities, Hill's N2 diversity and maximum abundance of 348 each of the 167 species are detailed in Appendix S1 in Supplementary Information. 349
Two-way indicator species analysis revealed six distinct groups (Table 1) dominated by motile species in guild 3 (Fig 2a,b) . 363
364
The first two PCA axes account for 15.2% and 12.1%% of variation in the species 365 data respectively. Broken stick reveals both these values to be significant (Table 2) . 366
Samples in the PCA biplot (axes 1 and 2) have been classified according to their 367 TWINSPAN groupings (Fig 3) . Axis 1 represents an environmental gradient with 368 groups 5 and 6 at one end, characterised by seasonally inundated floodplains and 369 pools (IF+SP). The other end of the gradient is characterised by permanently 370 inundated sample points (e.g. in group 2) with highest hydroperiod class (MV+FV). 371
The four hydrological variables significantly explain 10% of total diatom variation 372 that cannot be explained by site proximity (Table 3) . However, unique variation 373 explained by each variable is also significant, as is variation when season is partialled 374 out as a co-variable (Table 4 ). In each of these analyses, hydroperiod class remains 375 the variable that significantly explains most variation in the diatom data. In the 376 reduced dataset with both hydrology and hydrochemistry as explanatory variables 377 (Table 5) , K + and Mg 2+ displayed high variance inflation factors, indicating a 378 substantial amount of collinearity (ter Braak and Šmilaeur, 2002) and were excluded 379 from analyses. Constrained ordination using forward selection determined five 380 variables significantly accounted for almost 30% of the variation in the diatom dataset 381 (Table 6 ). Axis 1 is controlled mainly by the gradient between diatoms associated 382 with high hydroperiod class and flood frequency, and diatoms associated with 383 nutrients, TN and SiO 2 (Fig 4) . Species highly correlated along this axis are similar in 384 composition to PCA determined above. Species composition along axis 2 is different 385 however, and is now primarily characterised by species associated along a flow 386 velocity gradient (Fig 4) . 387 388 Selected diatom response curves for hydroperiod class have been grouped together 389 according to their guilds (Fig 5) . Guild 1 diatoms in general show skewed unimodal 390 responses (Fig 5a) . Guild 2 diatoms show a heterogeneous set of responses (Fig 5b, Navicula cryptotenella shows no significant trend. (Fig 5d) . 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 has no significant impact on diatom community composition (Table 6 ). TN however 465 does significantly influence diatom variation across the Delta (Table 6) (Fig 4) . Species which are very sensitive to excess nitrogen enrichment, 471 such as Achnanthidium minutissimum, conversely are most abundant in sites with very 472 low concentrations of TN (Fig 4) , while the species response curve for Achnanthidium 473 minutissmum shows that it grows optimally in sites with high hydroperiod class (Fig  474   5 ). The susceptibility of aquatic ecosystems to algal blooms can be assessed by 475 determining TN/TP ratios. Small ratios (e.g. under 10) can suggest elevated supply of 476 phosphorus, whereas pristine environments (where P is likely to be limiting) are more 477
likely to have ratios > 15 (Hecky and Kilham, 1988). TN/TP ratio for TWINSPAN 478
groups 5 and 6 together is 38, while for TWINSPAN groups 1-4 together, the ratio is 479 much lower at 14. The high ratio in groups 5 and 6 is above the minimum for 480 limitation for P (Cronberg et al., 1996) . However, the relatively low value for the 481 remaining sites is unlikely to be due to elevated concentrations of TP (which we have 482 established are low throughout the Delta), but most likely due to a number of 483 processes including intensive denitrification (a major factor for N loss from wetland 484 soils (Reddy and Patrick, 1984 ; Mitsch and Gosselink, 2000)), the coupling of P with 485 sediment loads (Cronberg et al., 1996) and uptake by aquatic macrophytes. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 Aulacoseira ambigua. All three species have high profile growth forms and so are 498 able to tolerate the low flow velocities impacting those sites (Fig 4) . Gomphonema 499 parvulum, is a facultative N-heterotroph, and although it has a broad tolerance to 500 nutrients it grows best when nutrients are elevated (van Dam et al., 1994) . Like 501 Aulacoseira granulata, Aulacoseira distans v. africana and Aulacoseira ambigua 502 require high concentrations of SiO 2 . In East African lakes, Gasse (1986) represents a different guild (low, high and motile respectively). This is perhaps not 510 surprising as the vectors for hydroperiod class and velocity are orthogonal to each 511 other (Fig 4) , so the diatoms associated with increasing hydroperiod class will not 512 necessarily show any trend with increasing velocity (i.e. growth form). In the 513
Panhandle region there are many lagoons, which although deep also have very little 514 flow. Both Navicula radiosa and Achnanthidium minutissimum require well aerated, 515 highly oxygenated waters (Cholnoky, 1966; Gasse, 1986; van Dam et al., 1994) , 516 which ties in well with their occurrence in waters which are permanently inundated, 517 but whose environments do not become shallow or stagnant. Eunotia naegelli, 518
Eunotia rhomboidea, Synedra amphicephela and Gomphonema gracile exhibit high 519 profile growth forms, and are able to flourish when disturbance pressures such as high 520 velocities are low. Gomphonema gracile for example also shows high affinity with 521 rather stagnant waters in the East African great lakes (Gasse, 1986) , but is intolerant 522 of elevated nitrogen concentrations (van Dam et al., 1994) . Species in the Eunotia 523 genus however exhibit highest abundances when hydroperiod classes are high (Fig  524   5b) . Eunotia species are all N autotrophs, and therefore not dependent on high 525 nitrogen concentrations. The exception here is Eunotia okawangoi. It grows best in 526 seasonally inundated floodplains with low hydroperiod class (Fig 5b) . Further work is 527 needed to better characterise this species ecological requirements. 528 Frustulia crassivervia and Brachysira brebissoni (Table 1) , Eunotia pectinalis v. 531
undulata, Synedra acus v. acus, Encyonema mesiana, Encyonema minuta and 532
Encyonema gracilis (Fig 4) . Group 1 sites are generally taken from deep channel 533 margins along the southern most reaches of the Okavango River. Many diatom 534 species here exhibit low profile growth forms (guild 1). For example, Encyonema 535 species grow in mucilaginous communities and are able to tolerate relatively high 536 flow velocities (Biggs et al., 1998) and Kilham 2001). The fast flowing waters in the UPH therefore may result in 548 sufficient disturbance to maintain high diatom diversity. These relationships are 549 apparent in both Table 1 and axis 2 in RDA (Fig 4) . The RDA biplot also reveals a 550 negative association between high velocity and TN and SiO 2 , i.e. such that key 551 nutrients at these sample points were also lowest, which conforms to findings by 552
Interlandi and Kilman 2001). Significantly lower diversity values during peak flood 553
suggest that fewer taxa dominate communities, such as Achnanthidium minutissimum, 554 which is abundant in regions with high hydroperiod class (Fig 5) . Our data may 555 suggest therefore that at this stage in the flood cycle, few resources are limiting, and 556 levels of disturbance low. In a recent comprehensive study of surface water chemistry 557 across the Delta, Mackay et al. (in review) showed that TN concentrations were 558 significantly highest during peak flood, which fits well with the hypothesis that key 559 nutrients at this time were not limiting (Interlandi and Kilman 2001) . 560
561
It was also hypothesised that seasonally inundated sample points would contain 562 higher levels of diatom diversity than permanently inundated sample points due to the 563 F o r P e e r R e v i e w intermediate disturbance hypothesis (Connell 1978) . However, no statistical 564 difference in diatom diversity was found between these two groups of sample points. 565
This may be because the rate of inundation is very slow, and diatom communities are 566 adapted to exploiting available niches quickly, or that there is no difference in 567 resource limitation between either permanently or seasonally flooded habitats. Our 568 data certainly show different communities living in the two groups of sample points, 569 but the gradual inundation has not resulted in shifts between e.g. stress tolerant and 570 stress sensitive species (Stevenson 1997) . However, other factors may also play a 571 role, such as grazing by zooplankton and macroinvertebrates (Jones and Sayer 2003) , 572 because consumer diversity at this time is highest (unpublished data). Future work 573 will explore these concepts in more detail. water in the flood pulse will influence diatom communities in the Delta. From our 584 analyses, changes in the extent of inundated floodplains will have a significant impact 585 on the composition of diatom communities related to, e.g. nutrient availability, 586 although determining the impacts on diatom diversity needs further work. 587
588
Conclusions 589 590
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